nanospheres, damaged the nucleus at normal growth temperature, several of these defects were further exacerbated by mild hyperthermia. Taken together, the toxicity of gold nanoparticles correlated with changes in nuclear organization and function. These results emphasize that the cell nucleus is a prominent target for gold nanoparticles of different morphologies. Moreover, we demonstrated that RNA synthesis in nucleoli provides quantitative information on nuclear damage and cancer cell survival.
Introduction
Gold nanoparticles (GNPs) are currently at the center of cancer research. Their potential use in the field ranges from detection by imaging, labeling, or sensing [1] [2] [3] [4] [5] to treatment, including drug delivery and phototherapy [6] [7] [8] [9] [10] [11] [12] [13] [14] .
Abstract Gold nanoparticles have emerged as promising tools for cancer research and therapy, where they can promote thermal killing. The molecular mechanisms underlying these events are not fully understood. The geometry and size of gold nanoparticles can determine the severity of cellular damage. Therefore, small and big gold nanospheres as well as gold nanoflowers were evaluated side-by-side. To obtain quantitative data at the subcellular and molecular level, we assessed how gold nanoparticles, either alone or in combination with mild hyperthermia, altered the physiology of cultured human breast cancer cells. Our analyses focused on the nucleus, because this organelle is essential for cell survival. We showed that all the examined gold nanoparticles associated with nuclei. However, their biological effects were quantitatively different. Thus, depending on the shape and size, gold nanoparticles changed multiple nuclear parameters. They redistributed stress-sensitive regulators of nuclear biology, altered the nuclear morphology, reorganized nuclear laminae and envelopes, and inhibited nucleolar functions. In particular, gold nanoparticles reduced the de novo biosynthesis of RNA in nucleoli, the subnuclear compartments that produce ribosomes. While small gold nanospheres and nanoflowers, but not big gold These applications take advantage of the unique optical properties of GNPs, such as strong light scattering, intense absorption, and enhancement of electromagnetic fields. The GNP properties result from the localized surface plasmon resonance (LSPs), i.e., charge density oscillations that are confined to the particles [15] . LSPs, and therefore the physico-chemical properties, depend on the size, shape, and surface of nanoparticles. To date, a large variety of GNPs has been produced in an effort to generate those absorbing in the near-infrared region of light [16] because NIR light does not cause photochemical damage, penetrates deeply within tissues, and provides a better signal-to-noise ratio in photoimaging due to the lack of cellular autofluorescence in this spectral region.
Importantly, the geometry of GNPs, such as rods, shells, cages, or branched particles, not only impacts their LSPs but also alters their interaction with the bio-environment, and is thus critical to nanoparticle uptake and toxicity [17] [18] [19] [20] . In addition to properties of the GNP, the cell type is also a determining factor in the bio-nano interaction [20] .
The growth and proliferation of cancer cells is intimately connected to protein synthesis and thus relies on the ability of cells to produce ribosomes. Nucleoli are specialized compartments in the nucleus that transcribe ribosomal RNA genes and assemble ribosomal subunits [21, 22] . Nucleolar hypertrophy is a hallmark of proliferating cancer cells and has been demonstrated especially in breast cancer tissue and cells [23] [24] [25] [26] [27] [28] . Furthermore, nucleolar size correlates with the aggressiveness of breast tumors, and enlarged nucleoli correspond to a poor clinical outcome [23] [24] [25] , validating the use of nucleoli as targets in cancer therapy [28] . The subcellular redistribution of the nucleolar protein fibrillarin has been linked to autoschizis in cancer cells [29] ; fibrillarin was therefore selected to monitor the impact of GNPs on nucleolar organization. Like nucleoli, molecular chaperones, exemplified by the constitutively synthesized hsc70, and the nuclear transporter cellular apoptosis susceptibility protein (CAS [30] ) are critical to nuclear functions and essential for cancer cell viability, proliferation, or migration [31] [32] [33] [34] [35] [36] . In addition to these proteins, the nuclear lamina and nuclear pore complexes (NPCs) provide sensitive indicators that can be used to monitor changes in cell physiology ( [37, 38] and references therein).
At present, the effects of GNPs on subcellular compartments are not fully understood. Since the nucleus is essential for cell survival and proliferation, it is particularly important to define the impact of GNPs on nuclear organization and function. So far, these topics have not been rigorously addressed at the molecular level. Moreover, the potential benefits of combining GNPs with heat treatment have not been examined in a quantitative fashion. However, this information could reveal possible mechanisms that contribute to GNP cytotoxicity. Moreover, this knowledge is mandatory to optimize the use of GNPs. Here, we investigated the effects of gold nanospheres and gold nanoflowers in human breast cancer cells at physiological temperature and upon exposure to mild heat shock. To this end, we focused on multiple aspects of nuclear and nucleolar biology that provide a read-out for changes in tumor cell biology.
Materials and methods
Preparation and characterization of GNPs CTAB-coated spherical GNPs (d = 15.6 ± 1.6 nm) were prepared in two steps. First, an aqueous ice-cold NaBH 4 solution (0.5 ml, 0.01 M) was added to a mixture of aqueous HAuCl 4 *3H 2 O (0.125 ml, 0.01 M) and an aqueous solution of CTAB (4.375 ml, 0.075 M). The seed growth was allowed to proceed for 2 h. In the second step, an aliquot of the aged seed solution (0.5 ml) was added to a solution obtained by adding aqueous CTAB (8 ml, 0.10 M), aqueous HAuCl 4 *3H 2 O (10 ml, 0.01 M), an aqueous ascorbic acid solution (30 ml, 0.10 M) to 450 ml of water [39] . Immediately upon addition of the seed solution, the sample was mixed gently for 10 s and then kept undisturbed overnight. The solutions were kept at 27 °C (in a water bath) throughout the entire procedure to prevent the crystallization of CTAB. At the end of the reaction, the mixture was centrifuged in an Eppendorf centrifuge model 5403 (6,000 rpm, 1 h). The residue was redispersed in 5 ml of water. The particles were PEGylated by an overnight incubation with α-methoxy-ω-mercapto poly(ethylene glycol) (MeO-PEG-SH, 5,000 g/mol; 0.1 mM), purified, and concentrated by centrifugation and washing with DI water. The final concentration was determined by ICP-MS (inductively coupled plasma mass spectroscopy); ICP-MS data were acquired using a NexIon 300x (Perkin Elmer) instrument.
Gold nanoflowers
A 3.0-ml aqueous HAuCl 4 (1 wt%) solution was added to 300 ml of pure ethylene glycol (EG) in a 40 °C water bath. Then, 6.0 ml of freshly prepared triethanolamine solution (2 M) was added under mild stirring and the reaction was allowed to run for 1 h. The gold products were collected by centrifugation at 7,000 rpm for 20 min, washed once with water, and redispersed in water [40] . The particles were PEGylated by an overnight incubation as described above, and the final concentration was determined by ICP-MS. Big PEGylated gold nanospheres (methoxy-PEG5000-SH) with a core size of 60 ± 2 nm and a mean hydrodynamic diameter of 86 nm were purchased from Cytodiagnostics, Burlington, ON.
Instrumentation
UV-Visible absorption spectra were recorded with an 8452A Agilent photodiode array spectrometer. Transmission electron micrographs of the nanoparticles were obtained using a FEI TECNAI electron microscope operating at 120 kV. The supporting grids were Formvar ® -covered 200-mesh copper grids. The size of the nanoparticles was determined from electron microscopic images using ImageTool version 3.00 [41] . About 100 particles were measured for each sample.
Growth of MCF7 and HuMEC cells, heat shock, and recovery MCF7 cells were grown under standard conditions at 37 °C [42] . Human myoepithelial breast cells (HuMEC; Hs578Bst) were purchased from ATCC and grown in hybri-care medium supplemented with EGF, as recommended by the supplier. Overnight incubation with GNPs (19.7 μg/ml) or vehicle was followed by mild heat shock (1 h at 43 °C) and recovery at 37 °C for the times indicated in the figures.
Cytotoxicity and cell viability assays
The toxicity of gold nanoparticles was assessed by measuring the mitochondrial metabolic activity with thiazolyl blue tetrazolium bromide (MTT). A total of 30,000 MCF7 cells were seeded on each well of a 24-well plate, allowed to attach for 24 h, and incubated with gold nanoparticles in growth medium for 24 h. Cells were then incubated with 500 µg/ml MTT in growth medium for 30-90 min at 37 °C. The formazan generated was eluted with 350 µl of dimethyl sulfoxide and the optical density was measured at 595 nm (Bio-Rad Benchmark Microplate Reader, Bio-Rad, Hercules, CA, USA). All MTT assays were performed in triplicates in each experiment, and results were normalized to untreated controls.
Western blotting
Cells were harvested for quantitative Western blotting as described [43] . Filters were probed with antibodies against phospho-histone H3 (p-Ser10; Cell Signaling, Danvers, MA, USA) and actin (Chemicon; Millipore, Bedford, MA, USA) according to published procedures [44] .
Cell fractionation
Nuclear and cytoplasmic fractions of MCF7 cells treated with vehicle only or GNPs were prepared according to published procedures [44] . Fluorescent labeling of de novo synthesized DNA and RNA Click technology was employed to detect newly synthesized DNA and RNA. De novo synthesized DNA was labeled with 5-ethynyl-2′-deoxyuridine (EdU) in combination with Alexa Fluor ® 555 as described by the manufacturer (Invitrogen, Carlsbad, CA, USA). In brief, cells were grown with vehicle or GNPs and then incubated in the presence of 10 μm EdU. After 1 h at 37 °C, samples were fixed and processed for the detection of EdU; nuclei were stained with 4′,6-diamidino-2-phenylindole (DAPI). To measure newly synthesized RNA, cells were incubated for 1 h with 1 mM 5-ethynyluridine (EU). Labeling with Alexa Fluor ® 488 was carried according to the manufacturer (Invitrogen).
Two-photon luminescence imaging, confocal microscopy, and quantification of pixel intensities Two-photon imaging was performed on fixed MCF7 or HuMEC cells mounted in aqueous medium (Fig. 6 ). All images were acquired with a 63× (NA 1.4) oil immersion objective. A Zeiss LSM510 (argon laser; 488 nm, 0.525 % max intensity) in combination with a BP 500-550 IR filter was used to image Alexa Fluor ® 488. Gold nanoflowers were detected with a two-photon Ti:sapphire laser (set at 750 nm; 5.0 % of maximum intensity, pulsed) in combination with a BP 390-465 IR filter. Alternatively, images were acquired with a Leica SP8 confocal microscope equipped with a modulable Ti:Sapphire laser that produces 140-fs pulses at a rate of 80 MHz (set at 2.6 % of maximum intensity). Big gold nanospheres were visualized with hybrid avalanche photodiodes; emission light was collected between 560 and 630 nm, and the multiphoton laser wavelength was tuned to 700 nm. For gold nanoflowers, hybrid avalanche photodiodes collected emission light between 390 and 460 nm, while the multiphoton laser wavelength was tuned to 750 nm. Alexa Fluor ® 488 was detected by photomultiplier tubes (PMTs); following excitation with a solid-state laser line at 488 nm; emission light was collected between 500 and 600 nm. No background fluorescence of cells was detected under these settings (not shown).
3D surface rendering of image stacks was performed with Imaris software (Bitplane, Zurich Switzerland). Confocal imaging for all other figures followed published procedures [45] . Secondary antibodies were purchased from Jackson ImmunoResearch. For image quantification, immunostaining was carried out with secondary antibodies pre-adsorbed against human proteins. All images of a data set were acquired at identical settings of the microscope. Protocols for computer-based fluorescence measurements in nuclei and nucleoli have been described previously in detail [45, 46] . In brief, nucleoli were demarcated by combining the median filter images for CAS and fibrillarin (see [47] for details). EdU incorporation was quantified for images collected with a Zeiss LSM510 confocal microscope, using a 20× objective (NA 0.5) and a zoom of 2 [45] . Pixel intensities were determined for all nuclei; nuclear compartments were demarcated by DAPI staining.
Statistics
Comparisons between control and treated groups were performed by one-way ANOVA combined with Bonferroni post-analysis. Differences were considered significant, if p values were smaller than 0.05; ** p < 0.01; * p < 0.05.
Results

Characterization of gold nanospheres and gold nanoflowers
Nanoparticle size and shape are expected to influence the nano-bio interactions from uptake to intracellular behavior [20] . Moreover, the spectral characteristics of nanoparticles are important for potential applications such as photothermal therapy or imaging. The three types of PEGylated GNPs used here were different in several aspects. The small gold nanospheres had a very regular shape (Fig. 1) , narrow size distribution (2r = 15.6 ± 1.6 nm), and narrow absorption peak (518 nm), while the gold nanoflowers were of irregular shape, larger size, and highly polydisperse (40-120 nm), with an absorption well extended into the NIR region [48, 49] . Big regularly shaped gold nanospheres with a hydrodynamic diameter of 86 nm were employed to identify effects that are caused by large particle size.
Impact of GNPs on cell survival and proliferation
We selected the human breast tumor cell line MCF7 for our experiments because it is widely used to study breast Small gold nanospheres possess a well-defined absorption peak at 518 nm, which contrasts the broad and lower energy absorption of gold nanoflowers Fig. 2 Impact of GNPs on the nuclear and nucleolar organization of cancer cells. MCF7 cells incubated with vehicle, small gold nanospheres (small spheres), nanoflowers (flowers), or big gold nanospheres (big spheres) were analyzed in the absence of heat (control), after heat shock, or 2 h recovery from heat stress. Hsc70, fibrillarin, or CAS were located by indirect immunofluorescence and images were acquired by confocal microscopy with identical settings for each antigen. Nucleolar fluorescence was quantified following established protocols [45] . Nuclei were stained with DAPI; size bar is 20 μm. Several of the irregularly shaped nuclei in GNP-treated samples are marked by arrowheads. Pixel intensities/area were measured for at least 66 nucleoli (a minimum of 21 cells) for each data point and experiment. Bar graphs depict the average + STDEV of two independent experiments. V vehicle, S small gold nanospheres, F gold nanoflowers, B big gold nanospheres. Results are normalized to controls which were incubated with vehicle alone cancer, and furthermore represents an excellent model to examine the functional organization of nucleoli (see below) in tumor cells [50] . Our initial experiments defined the impact of gold nanospheres and nanoflowers on MCF7 cells by examining the metabolic activity of mitochondria and cell proliferation (Suppl. Fig. 1) . Following a 24-h incubation with GNPs, small gold nanospheres (LD 50 = 13 μg/ml Au) were more toxic than gold nanoflowers (LD 50 = 83 µg/ ml Au; Suppl. Fig. 1A ). Unlike small gold nanospheres and nanoflowers, big gold nanospheres had little effect on mitochondrial activity.
The toxicity of GNPs could be linked to GNP-induced changes in proliferation; this hypothesis was tested by quantifying two separate parameters, histone H3 phosphorylation (Suppl. Fig. 1B ; phospho-H3) and de novo DNA synthesis. Ser10 of H3 is phosphorylated in mitotic cells, and in the absence of heat, small gold nanospheres increased the signal for phospho-H3. However, the combination of heat and gold nanospheres reduced this H3 modification, in particular after a 24-h recovery period, indicating that a smaller proportion of cells underwent mitosis. Big gold nanospheres led to a clearly different outcome; they increased the level of phospho-H3 for all conditions. Cells in S phase can be detected with EdU; this compound is incorporated into newly synthesized DNA and can be visualized with a fluorescent tag (Suppl. Fig. 1B ). In the absence of heat stress, all GNPs reduced the number of cells in S-phase; however, the impact of big gold nanospheres was minor. After heat shock and 2 h recovery, gold nanoflowers increased the number of cells incorporating EdU, but this effect was only transient. Following a 24-h recovery phase, small gold nanospheres markedly diminished the number of cells with de novo DNA synthesis.
Collectively, these results support the idea that in our model system of cultured breast cancer cells, small gold nanospheres, nanoflowers, and heat shock have pronounced effects on mitochondrial activity and cell proliferation. When combined with mild hyperthermia, small gold nanospheres further diminished mitosis and DNA synthesis, whereas gold nanoflowers reduced the proportion of mitotic cells. Since GNPs can be used for thermal killing of cancer cells [51] and nuclei are crucial for cell survival and proliferation, it was our objective to examine how GNPs or the combination of heat and GNPs alter the nuclear biology in MCF7 cells.
GNPs combined with mild hyperthermia alter the subcellular distribution of hsc70, fibrillarin, and CAS A common feature shared by hsc70, fibrillarin, and CAS is their sensitivity to stress; all of the proteins relocate within the cell following an exposure to heat shock [42, 45, 52, 53] . As their subcellular relocation and the biological activities of nucleoli can be measured in a quantitative fashion [42, 45] , these criteria were employed here to monitor the effect of GNPs.
In one possible scenario, GNPs interfere with the stress response and thus prevent the repair of heat-induced damage. To test this hypothesis, we assessed the impact of heat on MCF7 cells incubated with vehicle, small gold nanospheres, nanoflowers or big gold nanospheres. Figure 2 shows that small gold nanospheres and nanoflowers, either alone or combined with a mild heat shock at 43 °C, changed the nucleolar and nuclear morphology, as both types of particles induced the formation of nuclei with crescent or irregular shape (Fig. 2, arrowheads) . Under the same conditions, big gold nanospheres had little effect on these parameters.
To determine whether these morphological differences correlate with the subcellular distribution of marker proteins that are relevant to nuclear organization and function, we focused on the chaperone hsc70, the nucleolar protein fibrillarin, and the nuclear transporter CAS.
The nucleolar accumulation of hsc70 is a well-established heat shock response that is likely linked to the proper organization and function of nucleoli [42, 53, 54] . When compared to vehicle or other GNPs, gold nanoflowers led to a small reduction of nucleolar hsc70 after heat shock (Fig. 2) . For control and GNP-treated cells, the heatinduced concentration of hsc70 in nucleoli was only transient; and the nucleolar accumulation was diminished after 2 h of recovery. Interestingly, all GNPs somewhat reduced the amount of hsc70 in nucleoli at this time point.
As small gold nanospheres and nanoflowers altered the nuclear morphology, we further evaluated the organization of nucleoli with the marker protein fibrillarin (Fig. 2) . While the nucleolar concentration of fibrillarin was reduced by heat, small gold nanospheres and nanoflowers slightly enhanced the loss of fibrillarin from nucleoli. The GNPinduced morphological changes of nuclei and nucleoli persisted after 2 h of recovery in cells incubated with small gold nanospheres or nanoflowers (Fig. 2) . At the same time, the nucleolar fibrillarin concentrations were restored to non-stress conditions. The nuclear transporter CAS provides an additional stress sensor. In response to severe heat shock, CAS Fig. 3 Effect of GNPs on human non-cancer breast cells. HuMEC were treated with vehicle, small gold nanospheres (small spheres), nanoflowers (flowers), or big gold nanospheres (big spheres) and analyzed as described for Fig. 2 . Nuclei were visualized with DAPI; size bar is 20 μm. Fluorescence intensities/area were quantified for at least 106 nucleoli (a minimum of 52 cells) for each data point and experiment. Bar graphs show the average + STDEV of two independent experiments. V vehicle, S small gold nanospheres, F gold nanoflowers, B big gold nanospheres. Results are normalized to vehicle-treated controls accumulates in the nucleoplasm [52] , where it participates in chromatin organization and transcription [34] . All GNPs had minor effects on CAS concentrations in the nucleus (Fig. 2) , and these effects were variable. Although not significant, small gold nanospheres had the tendency to increase the concentration of CAS in nuclei.
To successfully employ GNPs for cancer therapy, it is important to limit damage in the surrounding healthy tissue. We addressed this point by analyzing normal human breast cells (HuMEC) under the same conditions (Fig. 3) . As compared to MCF7 cells, four major differences were observed for HuMEC. First, none of the GNPs caused prominent alterations in nuclear morphology. Second, independent of GNPs, the heat-induced nucleolar accumulation of hsc70 was much less pronounced. At the same time, GNPs reduced nucleolar hsc70 under all conditions. Third, small gold nanospheres had the strongest effects on nucleolar fibrillarin. Fourth, nuclear CAS concentrations were more affected by all GNPs tested. Thus, HuMEC and MCF7 cells responded differently to GNPs; these differences were considerable for hsc70.
In addition to the measurements of fluorescence intensities in nuclei, we also determined the percentage of nuclei that can be labeled with antibodies against fibrillarin (Fig. 4) . In MCF7 cells, small gold nanospheres and nanoflowers somewhat reduced the number of nuclei that were immunopositive for fibrillarin, but big gold nanospheres had no effect. In contrast to MCF7 cells, GNPs had little effect on the percentage of nuclei that were positive for fibrillarin staining in HuMEC. It should be noted that the results in Figs. 2, 3 , and 4 are not comparable; Fig. 4 does not provide information on the strength of the fluorescence signal.
In summary, while there was variability between individual experiments, small gold nanospheres and nanoflowers clearly altered the nuclear and nucleolar morphology of MCF7 cells. These GNPs also caused subtle changes in the subcellular distribution of hsc70, fibrillarin, and CAS. For all of the markers assessed, HuMEC displayed a different pattern of changes. Interestingly, GNPs had little impact on the nuclear and nucleolar morphology.
The nuclear lamina and NPCs are sensitive to the treatment with GNPs and hyperthermia Data presented in Fig. 2 suggested that MCF7 cells are particularly vulnerable to small gold nanospheres and nanoflowers. To further characterize the impact of GNPs, MCF7 cell morphology and compartmentalization was analyzed with antibodies against NPCs (mab414), the nuclear lamina (lamin A), or the predominantly cytoplasmic protein lactate dehydrogenase (LDH). Cells were examined in the absence of heat stress (control), with heat shock and after a 2-h recovery period (Fig. 5) . For all time points, MCF7 cells treated with small gold nanospheres or nanoflowers displayed major changes in nuclear envelope and lamina organization, and irregularly shaped nuclei prevailed during recovery. This was in contrast to big gold nanospheres, which were comparable to vehicle-treated controls. Taken together, small gold nanospheres and gold nanoflowers affected the proper compartmentalization of MCF7 cells and modulated stress responses; this correlated with extensive damage to nuclear and nucleolar organization.
Gold nanospheres and gold nanoflowers associate with nuclei
To begin to understand the mechanisms that underlie the GNP-dependent changes in nuclear organization, it was important to examine their subcellular distribution and, in particular, a possible interaction with nuclei.
To this end, we selected methods that are appropriate for the detection of gold nanospheres and nanoflowers. We hypothesized that the relatively small size of gold nanospheres could potentially provide slow access to the nucleus by diffusion through NPCs, whereas gold nanoflowers and big gold nanospheres exceed the diffusion channel of the nuclear pore by far. Indeed, small gold nanospheres were detected by transmission electron microscopy in both cytoplasmic and nuclear fractions (Suppl. Fig. 2 ). To evaluate their subcellular distribution, gold nanoflowers and big gold nanospheres were localized together with fibrillarin or lamin A in unstressed controls, heat-shocked cells, and upon 2-h recovery (Fig. 6) . Notably, while gold nanoflowers associated with the nucleus and cytoplasm under all conditions, the distribution of fibrillarin and lamin A was particularly affected after heat shock and during the recovery. Big gold nanospheres were also present on the surface of the nucleus, but only few were detected inside the nuclei of MCF7 cells. In HuMEC, gold nanoflowers and big gold nanospheres associated with nuclei (Fig. 6) , and the nuclear association of big gold nanospheres was enhanced by heat shock.
Based on the nucleolar marker fibrillarin and the nuclear envelope marker lamin A, Fig. 6 suggests that the combination of heat stress and gold nanoflowers led to severe nucleolar fragmentation and lamina disorganization in MCF7 cells. These changes in nuclear organization persisted through a 2-h recovery period. The mechanisms by which gold nanoflowers enter nuclei are presently not known, but Fig. 6 clearly shows their presence in the nuclear interior. It is therefore plausible that the nuclear Fig. 5 Gold nanospheres and nanoflowers reorganize the nuclear membrane and lamina. MCF7 cells incubated with vehicle, small gold nanospheres (small spheres), gold nanoflowers (flowers), or big gold nanospheres (big spheres) were analyzed by indirect immunofluorescence with antibodies against nuclear pore complexes (mab414), the nuclear lamina (lamin A) or the cytoplasmic protein lactate dehydrogenase [44] . The staining was carried out for controls, heat-shocked cells and after a 2-h recovery period. Panels show single staining or merged images; size bar is 20 μm association of gold nanoflowers led to morphological disruption and structural damage in MCF7 cells. On the other hand, the interaction of big gold nanospheres with heat-shocked HuMEC nuclei likely impeded the nucleolar localization of hsc70.
Small gold nanospheres and nanoflowers inhibit nucleolar RNA synthesis in MCF7 cells
Since our results demonstrated that small gold nanospheres and gold nanoflowers induced significant changes in Fig. 6 a-c Gold nanoflowers disrupt the nucleolar and lamina organization in heat-shocked MCF7 cells. MCF7 cells treated overnight with GNPs were exposed to a 1-h heat shock at 43 °C, followed by 2-h recovery at 37 °C. Cells were fixed, stained with antibodies against fibrillarin or lamin A, and confocal images were acquired as described in the "Materials and methods" section. Gold nanoflowers (GNFs) and big gold nanospheres (big spheres) are pseudocolored in red. Panels show 3D projections of confocal z-stacks. Based on 3D projections of the fluorescent images, surfaces were generated with Imaris software; magnified views are shown as indicated. a MCF7 cells were incubated with gold nanoflowers and fibrillarin was located by indirect immunofluorescence; nuclei are demarcated by dotted lines. b Cells treated with gold nanoflowers or c big gold nanospheres were stained for lamin A. Note that gold nanoflowers associated with nuclei and can be detected in the nuclear interior. Some big gold nanospheres also appear to be located in the nucleus (arrowheads). In cells treated with gold nanoflowers, the distribution of fibrillarin and lamin A indicates severe nucleolar fragmentation and lamina disorganization in response to heat shock; they persist during the recovery period. d, e Association of gold nanoflowers and big gold nanospheres with HuMEC nuclei. The impact of gold nanoflowers and big gold nanospheres on lamin A in HuMEC was analyzed as described for MCF7 cells. The possible presence of GNPs in HuMEC nuclei is marked by arrowheads. All results are representative of at least three independent experiments; size bars are 10 μm nuclear and nucleolar organization, it was important to test whether these alterations were accompanied by changes in nucleolar function. To this end, de novo RNA synthesis in the nucleolus was quantified for different conditions for MCF7 cells (Fig. 7) . In MCF7 cells, small gold nanospheres or gold nanoflowers decreased significantly the RNA synthesis in nucleoli, whereas big gold nanospheres had little effect. Moreover, the inhibition of nucleolar RNA synthesis was greatly enhanced by mild hyperthermia. When combined with heat shock, all of the GNPs exacerbated the loss of nucleolar RNA synthesis.
To obtain further evidence for the GNP-induced changes in nucleolar function, 3D reconstructions were performed for the compartments that produced new RNA (Fig. 8) . When compared to the treatment with vehicle or big gold nanospheres, small gold nanospheres and gold nanoflowers led to striking changes. Both GNPs caused a profound reorganization of the compartments that synthesize new RNA, in line with the idea that the structural and functional organization of nucleoli is severely damaged by gold nanospheres and gold nanoflowers in MCF7 cells.
HuMEC nucleoli showed a remarkably different response to GNPs (Fig. 9) , as all treatments stimulated nucleolar RNA production. In particular, hyperthermia and big GNPs increased significantly de novo RNA synthesis in nucleoli.
Discussion
Gold nanoparticles have emerged as powerful tools with many applications in nanomedicine, including cellular imaging, biomedical diagnostics, and theranostics. Despite these diverse applications, little is known about the biological effects of GNPs at the subcellular level, such as the nucleus. In particular, the impact of gold nanoparticles on the nucleolus has not been investigated so far. [45] . The bar graph depicts the average + STDEV of 3-6 independent experiments. Note that heat shock, small gold nanospheres, and nanoflowers significantly inhibited RNA synthesis in nucleoli of MCF7 cells, even in the absence of hyperthermia. Significant differences were identified by one-way ANOVA/Bonferroni test; the vehicle-treated non-stress sample served as reference (*p < 0.05; **p < 0.01). Size bar is 20 μm Using MCF7 breast cancer cells as a model system, we assessed GNP-induced changes in cell physiology. Several parameters of nuclear biology were examined, including nuclear morphology, organization and function. Importantly, all of these parameters were sensitive to GNP treatment (Fig. 10) , and at least some of the detrimental effects were further amplified by mild heat shock. For example, GNP-dependent irregularities in nuclear shape, which correlated with a reorganization of nuclear envelopes and laminae, became more prominent in heat-treated cells. However, the effect of GNPs went beyond changes in nuclear morphology, as the heat shock response, nucleolar organization, and function were altered as well. As such, GNPs modulated the proper location of hsc70 and CAS, reorganized nucleoli, and aggravated heat-induced nucleolar fragmentation. Our analyses of transcription in nucleoli emphasize that the GNP-induced changes in morphology and subcellular organization also impinge on nucleolar function. A simplified model depicted in Fig. 10 integrates these observations; it proposes that unlike the transient perturbations caused by mild heat shock [53] , the injuries produced by small gold nanospheres and gold nanoflowers are Fig. 8 Small gold nanospheres and gold nanoflowers reorganize the nucleolar subcompartments that synthesize RNA de novo. MCF7 cells were incubated with vehicle or GNPs at 37 °C as described for Fig. 7 . Confocal stacks were acquired and surface rendering was performed to visualize new RNA production. DNA was stained with DAPI; newly synthesized RNA was labeled with EU. Note that small gold nanospheres and gold nanoflowers disturb the nucleolar subcompartments that transcribe rDNA persistent. Our model also incorporates the differences we identified between small gold nanospheres and nanoflowers in their capacities to modulate stress responses and the functional organization of nuclei and nucleoli.
Under the conditions used in the present study, small nanospheres outperformed gold nanoflowers. This applies in particular to the loss of cell viability and changes in proliferation. The reasons for these differences are not understood; due to their size small nanospheres may have increased access to the cell, thereby enhancing damage and ultimately causing cell death. This interpretation is supported by our results for big gold nanospheres, which had little effect on nuclear and nucleolar parameters or the survival of MCF7 cells.
Surprisingly, when combined with hyperthermia, all GNPs had a profound impact on nucleolar function, and Fig. 9 Effect of GNPs on nucleolar RNA synthesis in HuMEC. EU incorporation was quantified in HuMEC incubated with vehicle or GNPs at 37 °C (green bars) as described for Fig. 7 . For comparison, de novo RNA synthesis was measured for vehicle-treated samples at 43 °C (red bar). Significant differences were identified by one-way ANOVA/Bonferroni test; the vehicle-treated non-stress sample served as reference (*p < 0.05; **p < 0.01). Size bar is 20 μm. A significant increase in new nucleolar RNA synthesis was detected for cells exposed to heat shock or big gold nanospheres Fig. 10 Simplified model for the impact of heat shock, small gold nanospheres, and gold nanoflowers on nuclei and nucleoli. Mild heat shock alters the morphology and function of nucleoli (green); these changes are reversible when cells recover from stress. By contrast, small gold nanospheres and nanoflowers cause severe damage, leading to changes in the morphology of nuclei (blue), nucleoli and nucleolar function. This GNP-induced damage is persistent and further exacerbated by heat
Table 1 Effects of GNPs on MCF7 cells
The impact of different GNPs on MCF7 cell viability and nucleolar activity is summarized. ↓ decrease in activity, ↔ little effect. Note that the outcomes are similar for cell survival (as indicated by mitochondrial metabolic activity) and de novo RNA synthesis in nucleoli
Parameter
Condition Result
Mitochondrial metabolic activity
Small gold nanospheres ↓↓↓
Gold nanoflowers ↓↓
Big gold nanospheres ↔
De novo RNA synthesis in nucleoli Small gold nanospheres ↓↓↓
Gold nanoflowers ↓↓
Big gold nanospheres ↔/↓
De novo RNA synthesis in nucleoli Small gold nanospheres + heat shock ↓↓↓↓ Gold nanoflowers + heat shock ↓↓↓↓ Big gold nanospheres + heat shock ↓↓↓↓ this included big gold nanospheres. Several not mutually exclusive explanations are possible for the heat-dependent damage to nucleolar RNA synthesis by large gold nanospheres. First, heat shock increased the association of big gold nanospheres with nuclei. Second, big gold nanospheres have a higher heat capacity as compared to the small gold nanospheres and will therefore emit more heat. Together, this may locally increase damage in the nucleus, where nucleolar functions could be particularly sensitive.
In the absence of hyperthermia, the nucleoli of MCF7 cells were especially vulnerable to small gold nanospheres and gold nanoflowers. However, this is not a common property of human breast cells. Thus, in HuMEC, these GNPs did not cause profound changes in nuclear morphology, nor did they interfere with de novo RNA synthesis. The divergent responses of hsc70 in MCF7 cells and HuMEC further support the idea that hsp70 family members and the stress response are dysregulated in cancer cells [55] .
Taken together, our studies link the toxicity of gold nanoparticles to the damage they inflict at the subcellular and molecular levels. Given the importance of chaperones and nucleoli to the growth and proliferation of cancer cells, the ability of GNPs to modulate chaperone and nucleolar biology is of particular interest for nanooncology. Our results emphasize the value of nucleoli as a target for anti-cancer therapy, as the loss of nucleolar activity correlated directly with cell survival (Table 1) .
We further demonstrated that breast cancer cell nucleoli are remarkably susceptible to the treatment with GNPs and hyperthermia. This sets the stage to further explore GNPs with other nanomorphologies, such as nanoflowers, in the future because they absorb NIR light and produce heat efficiently [56] . Based on the quantitative differences observed for gold nanospheres and nanoflowers, we propose that the geometry and size of GNPs are critical factors that have to be considered for the design of effective nanotherapeutic strategies that target the nucleus and nucleolus.
